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I'ormat

The Encyclopediaof Planctary Sciences and Astrogeology will have the
same g enc ral formatas othier volumes in the Eneyclopedia of liaith Sciences
Series (published by VanNos trand Reinhold, New York). It will have a
preface/intioduction by the editors, alist of contributors (haines andinstitutional
addyesses), encyclopedia entrics attang edin alphabetical 01der (each entry will
be signed by the author and include its own bibliography), internal cross-
1cferencing among atticles, and a comprchensive index covering the cntire
volume.

Thefinished volume will beapproximately /00 pagesinlengthyina6 *//8 by
10 inch format, providing about 800 words pe 1 page. A limitednumber Of color
illust rations and ph otograph s will be includ ed.

There will bethice g enceralcateporics of articles. Themostsig nificant
topics will be discussed inarticles of up to 5000 words in length, A scco nd
cateporyol specializedtopics will 1eccivearticles of 1000 -2000 words. Yhe third
category of entries consists of definitions of upto 500w ords,
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Content and Style

The 1eade 1ship of this scries consists primarily of academics (both faculty
and students) and professionals, including scientists from otherdisciplipes.
T hese vo lumies are also used by libraties and information €¢lifers to answel
>;',(-,ncullinqui1 ics. Therefore, whereas articles for this particular volunie should
be wiitten to be useful to professional planctary scientists, they must also be
accessible to those Whose expertiseliesinotherarcas,

We wish to treat all of the planets and the principal Moo ngina consistent
fashion. The sections for cach planct will include discussions of the planctayy
magnetic field, atmosphere, interior, and suiface (W here appropriate). Hacty of
these topics may be treated by sepa rate contributors; alternatively once individual
may authorseve yal entries where appropriate.

Much new infot mation concerning Venus, the Neptune system, and comet
Halley ha s recently b ecome available, The smaller bodies of the solarsystem
(comets and asteroids) are likewise the object of considerable rescarch at Present.
Ancneyclopedia is notanappropriate forumforthe fitst presentation of new data
01 untested theorjeg: howevewe wishtoincorporate as MU chuew information as
is practicablein this volume. We will attempt to give cqualtime to bothsides of
majoruntesolved questions, such as the origing of the ividium a0 maly at the K'T'
boundary. We would like to emphasize Proce sses, such as accretion,impact
cratering, mantle convecti on, and volcanism, in the context of "comparative
planctology.”

We do not want tode-emphasize 01 neglectthcore gicalaspects. Important
theories which have gained wide acceptance Sho uld be included in the volume.
However, space limitations and the audience profile set constraints. Ixhaustive,
com prehensive treatments of theories cannot beincluded, but summaries may be
appropriate.

Atticles should follow an encyclopediaformat, beginning withintroductory
material and progressing tomorc advanced ¢Olicepts and phenommena.  The
historical development of the topic is often of interes | but this should not be
cmphasizedover current knowledge and applications. Fundamental equations
are appropriate if they are notlenpthy and involved; if so then the appropriate
sourcesshouldbe cited inthebibliography.



Justrations

Contributors will beresponsible forprepar ng theit own illustiations (if
this is a problem, plcase contact the editors). We expect that most of the
illustrations will consist of linedrawings, graphs, charts, and black and white
photographs. A limited number of colorphotographs will beincluded, possibly in

ascriesincluding multiple views of cachmajorbody.
Bibliographic References

Thelongestarticles may includeupto fifty references, while definitions
shouldinclude about five o1fewer,. The references should enable the reader to
begin a morcin-depthinvestigation of the topic. Importantreferencesand more,
compichensive review articles should be included, but the bibliography itself need
notbe coil-113Jellcllsi\~c. In typing 1eferences, contributors shouldinclude as
complete bibliographic information as possible (abbreviated title of journal,
number of pagesin a book or nmionograph)and the editors will standardize the
formatforieference citation throughout the volume. Donotusefootnotes 01
numbered references. Acknowledgements are inappropriate in an cncyclopedia

unless they are essential for NS grants, ctc.
Contributors

We are curiently soliciting authorsto write articles and entries forthe
neyclopedia of Planctary Science and Astrogeology. 1'lease’ letus know what
articles you might be willing to contribute, o1 if you have colleag ues that you
would sugpest as poten tial contributors. We encourage theuse of co-authorsin
writing the major articles. Insome cases it may be mostefficient if the same
personwritesagroup of relatedarticles (forinstance, describing the atmospheric
circulations of two ormoreof the gasgiants). We hope to 1eccive contributions
frominvestigators from many diffcientcountiies and institutions, toensurc a
broad perspective.

Wc Heed helpinreviewing andevaluating articles; if youwouldbe willing to
contributein Ibis capacity, pleaselctus know.

Onceyou have informedus of yourinterestincontributing to this volume,

we will discuss withyouthenature of yourparticularcontribution(s) andsendyou




KPP 1EMERIDES

An ephemeris (plural: ephemerides, pronounced Eff-uh-MEIRR- -Deez) is definedto be a tabular
list ng of the position of a celestial body at regular intervals. Throughout history scientifically
observant cultures have sought to understand and predict celestial phenomena, most notably the

motions of the Sun, Moon, and planets.

Any effort to establish an ephemeris involves the development of some sort of mathematical model
which reproduces past and current observations. Thismodelisthen evaluated at regular extrapolated
intervals to obtain the desired predicted positions. The models devised by ancient astronomers
consisted of elaborate systems of what were terimed epicycles, wherein the Sunand planets were
attached to a hicrarchy of circles. Thecenter of cach of these circles rode ou another circle, and
the entire system ultimately was assumed to have the larth as its center. Despite this unwieldy
complexity tile system described celestial motions with fair success over short periods, though it was

unworkable over long time sprans.

I the renaissance the invention of the telescope, the rise of mathematics, and lsaac Newton’s theory
of universal gravitation] established celestial inechanics as a respectable scientific endcavor. Kepler
deduced that planets follow clliptical orbits with the Sun at one focus; in actuality the orbits differ

slig htly fromellipses clue: to perturbations by other celestial bodies.

Any representation of the motion of a celestial body as a mathematical function to be evaluated is
termed a theory. Because the Moon and planets follow orbits that are in fact nearly circular, the
natural ingredients for any theory representing their motions are series of trigonometric functions,
similar to Fourier series but more elaborate. The coeflicients of the trigonometric terms are usually
polynomials intime and functions of other parameters;the trigonometric arguments arc themselves

functions of time and of parameters describing the orbits of the perturbing bodies.

From the seventeenth century through the present, lunar, planctary, and satellite theories of increas-

ing refinement have been developed. Until the advent of computers, theories were the only means of



ephemneris representation. While theories arc accurate over comparatively long time spans, all suffer

from the limitations of the large amount of time required to evaluate themn.

Numnerical Integration. The 1960s were a watershed for celestial mmechanics and ephemerides: elec-
tronic computers became widely available, navigation of spacecraft to the Moonand planets required
knowledge of cclestial positions with unprecedented accuracy, andthe precision andtechnology of ob-
scrvations inc.r-cased substautially. The approximations givenby ana#<. lunar and planetary theories
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usually cannotncet the accuracy requirements of spat.c missions, the use of numerical integration.
A

All current high-precision lunar and planetary ephemerides are produced by numericalintegration
of the differ-cnltial equations of motion. ¥ven for complex models, the equations can be formulated
concisely. The results of the integration arc converted and stored as a set of interpolating polynomials.
These polynomials can be evaluated at periodic intervals for purposes of printed tabulation (as
published anmnually in many astronomical alinanacs throughout the world) or made available to

subsequent computer programs for obtaining the positions of celestial bodies at arbitrary times,

Most of the numerically integrated ephemerides in usc throughout the world arc produced by the
Jet 1’ropulsion Labaratory (J 1’1.) of the California Institute of Technology in Pasadena, California.
In computer form, J]'], eph cinerides typically cover a fcw decades to perhaps a century; D102, a
considerably longer high-precision integrated epheineris, spans more than 44 centuries, from 1410

B.C. to 3002 A.D.(Newhallet al., 1983).

Mathematical Mode]

Planctary Ephemerides. The JP1, planetary and lunar cphemerides are compsuted simultaneously
by mumerical integration. The planetary force model includes contributions from (1) relativistic.
point-mass interactions of the nine planets, the Sun, and the Moon in the isotropic, parametrized
post-Newtonian n-body metric (sce Newhall et al. [1983] for the equations of motion); (2) the
Newtonian effects of nearly 300 asteroids on those saine bodies; (3) the interaction of the point-
mass Sun on the figures of the Karth and Moon;and (4) the effects of the principal non-spsherical

gravitational term (J2) of the Sunonthe Moon and planets.




Tranar Ephemeris. Treatment of the lunar ephemeris employs a more extensive model to accommo-
date the accuracy of laser ranging data. Besides the relativistic point-mass effects the model of the
Earth-Moon systemn includes: (1) interaction of Moon and Sun on the Earth figure; (2) interaction
of ¥arth and Sun on the Moon figure; (3) the effects on the Moon of the Earth solid and ocean tides

raised by the Sun and Moon.

In addition to the position of the Moon in its geocentric orbit, the physical libations (the rotational
position of the Moon about its center of mass) must be integrated numerically. The libations are
represented as a set of three Euler angles defining the orientation of the Moon with respect to the
Earth’s mean equator and equinox of the epoch J2000: ¢, the angle along the Earth’s equator from
the equinox to the ascending node on the Moon>s true equator; @, the inclination of the Moon's true
equator to the Earth’s equator; and ¢, the an gle along the Maon’s equator from the node on the

Yarth’s equator to the selenographic prime meridian.

The mathematical model for libations represents the response of the Moon to torques arising from
action of the point-mass Sun, the point-mass Earth, and the Karth figure on the lunar figure. The
Junar moment of inertia is modeled as having a rigid-body component and a time-varying component
arising from a delayed dissipative elastic response to the deformation caused by Earth-induced solid

tides and by the lunar angular velocity.

Satellite Ephemerides., The third area of development of ephemerides involves those of the satel-
lites of Mars and of the giant planets Jupiter through Neptune. (Satellite ephemerides arc not
considered in the modeling of planetary and lunar ephemerides. Each of the outer planets and its
family of satellites arc treated as if combined into a point mass --- a satisfactory approximation, as

the perturbations on other planets due to the actual satellites arc small.)

The ephemerides of Phobos and Deimos, the two satellites of Mars, are represented as theories.
The most recent developments arc by Sinclair (1989), based on Earth-based observations and on
spacecraft imaging during the Mariner 9 mission in 1971 and the two Viking missions in 1976.
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1n 1977, two Voyager spacecraft were sent from Karth toward the outer planets. Accurate satellite
ephemerides were essential to the success of the missions. Both Voyagers visited Jupiter and Saturn;
Voyager 2 continued on past Uranus and Neptune. Up to that timne, the ephemerides of outer-
planct satellites were determined solely from |~arth-based telescopic observations. The two missions

provided considerable improvement in ephemerides and masses of the satellites.

Uunlike the case of planetary and lunar ephemerides, numerical integration of satellite orbits has met
with success only for the Uranus and Neptune systems; it has not been used for the G alilean satellites
of Jupiter or for the eight principal satellites of Saturn. The numerical integration and parameter
estimation procedure fails because of nonlinecarities in the satellite systems, arising from (1) the large
number of revolutions that occur for the satellites over a given time span, and (2) strong resonances
between various satellite pairs. For the planetary and lunar ephemerides, a reasonably linear systemn,
25 years comprises about 330 revolutions of the Moon and 104 revolutions of Mercury. BBy contrast,
10, the innermost major satellite of Jupiter, completes nearly 5200 revolutions in 25 years; Mimas,

the closest large satellite to Saturn, about 9700 revolutions.

Nonlincarity obstructs integration andcstimation as follows: the integration process consists o f
specifying the position and velocity of each satellite a some initidl epoch and then using the equations
of motion to propagate the states forward with the integration. In general, any error in the initial
states will grow over the span of the integration, yielding a progressively degraded cphemeris.In
usual estimation techniques, corrections to the initial states arc made by comparing observations of
the satellites with computed values based on the integration and then adjusting the initial conditions
accordingly. This technique works only if corrections to the initial states are proportional to measured

errors in the orbit (i. e., if the system is linear), not the case for the Jupiter or Saturn systems.

The original theory for the Galilean satellites of Jupiter was developed in the early part of this century
by Sampson (1921). lieske (I 976) at J'], produced an improved theory of the Galilean satellites
using a computer for algebraic manipulation. The theory for the satellites of Saturn used for the

Voyager missions was taken from the summary and refcrences found in FKzplanatory Supplement




tothe Ephemeris (1 961) and improved by fits to F;arth-based and spacecraft observations; a more

complete theory is that given by Duriez and Vienne (1991) and continued in Vienne and Duriez

(1991).
Construction of the Ephemerides

The J'], ephemerides have been instrumental in the success of NASA planetary and lunar missions.
in the early days of unmanned space exploration the ephemerides were derived from planetary and
lunar theories. With time, significant advancements in spacecraft tracking systems and data accuracy

required analysis beyond the scope of approximations offered by theories and necessitated the use of

numerical integration.

Data types. The orbits and other parameters related to the planets are determined by aleast-
squares fit to various types of observations. The observations span most of the twentieth century

(those from earlier times have large uncertainties). The types of observations used arc:

Optical meridian transits. The disk of the Sun or a planet is observed through a telescope to cross
the meridian. Between 191 Tand 1982 the U.S. Naval Observatory in Washington 1YC made several
thousand transit observations of the Sun and Mercury through Neptune. In 1984 the photoelectric
meridian transit was introduced, where a photocellreplaced the human observer. Iransits of Pluto

have been obtained since 1988.

Astirolabe. The disk of a planet is observed through a telescope to cross a fixed altitude, both
ascending and descending. Observations of Mars through Uranus were begun 1 1969. Accuracies

arc typically from 073 to 1'6.

I"holographic A strometry.Before 1988 the observations available for Pluto wer  from photographic
plates. From plate measurements, Pluto’s coordinates arc established relative to selected reference

stars. This data type is also used for planetary satellites other than the Moon.

Satellite Felipses. Times of disappearance and reappearance of a planetary satellite duc to passage

through the shadow of its primary arc recorded.




occultation Timings. Uranus occasionally passes between the Karth and a star. In 1977 the planet
was found to have rings; subsequent measurements of the time and duration of the blocking or
occultation of the star's image by the rings give the celestial coordinates of Uranus to less than 0'/2.
Similar occultations by the disk of Neptune beginning in 1968 establish Neptune's coordinates to

about 0%3.

Radio A strometry. Beginning in 1983 the Very l.arge Array in New Mexico made radio observations
of the thermal emission of Jupiter, Saturn, Uranus, and Neptune; the observed celestial coordinates

arc accurate to about 0703.

Ranges. The above observation types arc measurements of angular position of the designated body
as seen on the celestial sphere. Enter the ranging era, in which the measurement is distance between
an observing station and a celestial object. Beginningin 1970, Mercury and Venus were ranged by
radar, with an uncertainty of about 1.5 km. (3y comparison, a typical 1” angular measurement
error at Mercury is about 750 km in transverse linear distance.) Ranges to spacecraft in the vicinity

of Mercury, Mars, and Jupiter have uncertainties as small as 500 meters.

The Viking landers on Mars were ranged between 1976 and 1982 with uncertainties of 7 meters.
Between1969 and 1972 the Apollo astronauts placed three arrays of laser retroflectors on the lunar
surface; a fourth reflector array was landed by the Russian-French L.unakhod 2 spacecraft. Over
the following years, more than 8000 laser ranges between terrestrial observatories and the four lunar
reflectors were acquired. Lunar ranges since 1990 have uncertainties as small as 2 centimeters or less;

both the Viking ranges and the best lunar ranges have relative accuracies of better than 5 parts in

101].

Optical Navigation. Ephemerides of the outer planets and their satellites had errors of 1000 km or
more before the Voyager missions. During approach to each planetary systemn, cameras on board
the spacecraft obtained images of the planet and its satellites against a background of catalogued
stars. T'hese images were then used to modify the spacecraft trajectory and to refine the satellite

c])hc~ncr-ides.



Representation of Ephemerides.

in contrast to printed tabulations, ephemerides used by computers are stored as coefficients of an
interpolating polynomial, allowing a user to obtain ephemeris values at arbitrary times. The poly-
nomials of choice for the JPL ephemerides are Chebyshev polynomials (Newhall, 1989). They are
stable during interpolation and provide a reliable estimate of the errors introduced due to truncating
at a selected polynomial degree. The standard for interpolation error in the JPI. ephemerides is 0.5
mm. (This figure denotes the precision to which interpolated values match the original numerical

integration, not the actual dynamical state of the solar system.)

Ephemeris Parameter Estimation

Many physical parameters in the solar system can be determined to considerable accuracy from
ephemeris data. The creation of the lunar and planetary ephemerides typically entails estimating
about 150 parameters, including the initial positions and rates of the planets and Moon, initial
values of the lunar libations, station and reflector locations, lunar gravity model, lunar elasticity
cocllicients, Karth and lunar tidal dissipation, polar motion, the angular position of the Karth (UT]),
precession and nutation of the Karth’s pole, the astronomical unit (average distance between the
Karth and Sun), and the masses of the Moon, planets, and major asteroids. (In practice the actual
mass of a celestial body is diflicult to determine; the quantity that is well determined and is instead

estimated is GM, the product of the gravitational constant G and the mass M of the body. )

A fcw results from parameter estimation follow:

Relativity. For the Earth-Moon system, laser ranging has provided an accurate confirmation of the
Strong Principle of Equivalence (that gravitational mass Mg is equal to inertial mass M) in the

General Theory of Relativity. The formulation used expresses the ratio of the two mass quantities

as

where 5 is a dimensionless parameter, Ug is the gravitational self-energy of the Earth, M is the mass
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of the Earth, and c is the velocity of light. (For the Karth, Us/Mc? = 5 x 101°). By exploiting
the fact that a disparity between the two would cause a sunward displacement of the lunar orbit,

estimation of the lunar ephemeris has found that, for the Karth,

n=0.003 14 0.004

Some theories of gravity suggest that the gravitation ‘[constant’) G is not constant at all but may be
time-varying in some fashion. The usual form in which a variable G is expressed is the ratio G/G.
Laser ranging has found that G/G is zero to at least as small as a few parts in 10! per year. Other
relativistic quantities are the post-Newtonian parameters measuring curvature and superposition of
gravitational fields and geodetic precession of the lunar orbit. All determinations arc consistent with

the predictions of general relativity, both from lunar laser ranging and from planetary ranging.

Farth-relatated quantities. Another quantity improved by laser ranging is the effect of the Earth
tides on the lunar orbit. The Moon and Sun raise both solid and ocean tides on the Farth, which in
turn affect the lunar orbit. The most pronounced effect. is the secular acceleration of the geocentric
lunar longitude, whereby the tidal bulge on the Earth lies ahead of the Farth-Moon line and tends
to add energy to the lunar orbit. This energy addition causes the average Earth-Moon separation to
increase, with an attendant slowing of the Moon in its orbit. The measured acceleration of longitude

is - 25.9 arc seconds/century’, corresponding to the Moon's receding at about 3.8 centimeters/year.

Planetary Gravity. A fruitful use of the ephemerides is the navigation of robotic spacecraft, and
the determination of the gravity fields of the Moon and planets. The fine structure of those fields is
irregular duc to aspherical mass distribution. The fields are customarily represented by coefficients of
spherical harmonics. Precise determination of the trajectories of planet-orbiting spacecraft provides

estimations of a large set of gravitational coeflicients.

Planetary Masses. * Any non-orbiting spacecraft passing near a planet or satellite provides a good

deterinination of the body’s GM. Over the course of the past two decades the GM's of all planets and




major satellites (except for the Pluto-Ch aron system)h ave been reliably determined from spacecraft

data.

Other Ephemeris A pplications

Spacecraft Mission Planning. Planned spacecraft missions, particularly to the outer planets and
their satellites, face severe navigation constraints, Payload-iinposed fuel limitations often necessitate
gravitational assists from intermediate planets in order to supply sufficient energy for the spacecraft
to reach the target. Sensitivity of the final arrival trajectory to errors at intermediate planets and
satellites can be extreme; accurate ephemerides and GM determinations are essential to devising

reliable fuel and payload budgets and navigation strategies.

Observations and Data Reduction. Ephemeris accuracy is necessary for acquisition of data such as
planetary microwave observation, where angular position is important, and radar ranging, where
round-trip travel times must be known a priori to within a few microseconds. The reduction of data
also demands accurate ephemerides: for the Karth and target body in the case of radar ranging, and

for the Karth alone when analyzing the timing of received signals from millisecond pulsars.

Planet X. For several years, some astronomers stated that the best-fit predicted orbit of Uranus
differed from the acutal orbit. They attributed this discrepancy to a possible massive tenth planet,
designated “Planet X,” Several attempts to find it telescopically were made, but without success.
Then in 1989 the close approach of Voyager 2 to Neptune provided a significant improvement in
that planet’'s GM. When this new value was included in the numerical integration the Uranus orbit

differences largely disappeared, casting substantialdoubt on the existence of Planet X.

Summary

Accurate planetary, lunar, and satellite ephemerides are essential for successful space missions.
Ephemerides originally were produced from mathematical theories but, with the exception of the
satellites of Jupiter and Saturn, are computed by numnerical integration. Accurate computation of

ephemerides has provided estimates of numerous quantities relating to the planets and satellites and
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to the theory of relativity.
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